Background Docetaxel is a taxane anticancer drug used in a wide variety of solid tumors. Liposomes are versatile drug carriers that may increase drug solubility, serve as sustained release systems, provide protection from drug degradation and toxicities, and help overcome multidrug resistance. This phase I study was conducted to determine the maximum tolerated dose, dose-limiting toxicities (DLTs), pharmacokinetics (PK), and clinical response of liposomal-encapsulated docetaxel (LE-DT) in patients with advanced solid tumor malignancies. Methods LE-DT was administered using a standard 3 ? 3 dose escalation schema with dose levels of 50, 65, 85, 110, and 132 mg/m 2 IV on a 3-week cycle. Toxicities were assessed using the NCI-CTCAE version 3.0, and response was assessed using RECIST criteria (version 1.0). PK samples were drawn during cycle 1 and analyzed using a non-compartmental analysis.
Introduction
Docetaxel is a semi-synthetic microtubule disrupting anticancer drug indicated for the treatment of breast, prostate, non-small-cell lung, head and neck, and gastric cancers [1] [2] [3] [4] [5] [6] [7] . Standard every 3-week dosages range from 60 to 100 mg/m 2 , with 75 mg/m 2 being a commonly used dose in these diseases. Dose-limiting toxicities (DLTs) are myelosuppression and neuropathy, among others. For example, at a dose of 100 mg/m 2 , docetaxel causes grade 4 neutropenia in 75-86 % of patients [8] .
Past clinical trials have shown a dose-response correlation using docetaxel when used in the treatment for prostate and breast cancer [2, 9] . For example, the response rate in patients with metastatic breast cancer was significantly higher in patients receiving 100 mg/m 2 compared to those receiving 60 mg/m 2 although the incidence of significant and severe toxicity was higher in patients treated at the higher dose [9] . Due to poor solubility, docetaxel is administered with Tween 80 in ethanol. Tween 80 has been implicated in causing acute hypersensitivity reactions as well as cumulative fluid retention [10] .
Liposomes are versatile drug carriers that may increase drug solubility, serve as sustained release systems, provide protection from drug degradation and drug-related toxicities, and help overcome multidrug resistance mediated by P-glycoprotein or similar transporter-mediated resistance efflux mechanisms [11, 12] . We have found that liposomes can favorably alter the pharmacokinetics and distribution of the encapsulated drug and that liposomes are more readily distributed to tumor tissues compared to normal tissue due to decreased endothelial integrity in tumor vasculature (unpublished data). Already approved encapsulated chemotherapy agents include liposomal doxorubicin (Doxil Ò ) and liposomal daunorubicin (DaunoXome Ò ). Other approaches to liposome drug delivery have been pursued to further improve drug delivery, to enhance drug formulation, and to increase the stability of the liposome drug product [13] [14] [15] [16] [17] [18] [19] . The approach used in the development of liposomal-encapsulated docetaxel (LE-DT) included electrically charged lipids to achieve an electrostatic attraction between the charged lipid and oppositely charged drug to create a stable liposome drug formulation. Negatively charged synthetic phospholipids and cholesterol are used to create small (B100 nm) and uniformly sized liposomes. It is thought that docetaxel resides in the lipid bilayer of the liposomes in this formulation.
The use of synthetic electrostatic cardiolipin enabled the liposome formulation of a variety of chemotherapeutic agents, including doxorubicin [20] , mitoxantrone [21] , SN38 [22] , and paclitaxel [23] . After favorable preclinical evaluations showing high activity against a wide range of in vitro and in vivo cancer models, a phase I first-in-human, clinical study of LE-DT in patients with refractory solid tumor malignancies was performed to determine the maximum tolerated dose (MTD), DLTs, pharmacokinetics (PK), clinical response, and the recommended phase II dose of LE-DT.
Methods

Patients
Patients with recurrent or refractory solid tumors were enrolled in a two-center, open-label, dose escalation, sequential cohort phase I clinical study of LE-DT. Patients were eligible or the study if they were candidates for docetaxel as appropriate first-line therapy, were no longer candidates for standard therapy, had no standard therapy available, or chose not to pursue standard therapy. Patients could not have received prior therapy with docetaxel. Patients were required to have adequate organ function, an ECOG performance status of 0-2, and sufficient recovery from past therapies.
Trial design and objectives A 3 ? 3 trial design was used to determine the MTD and DLTs of LE-DT. Secondary objectives included evaluating the pharmacokinetics of docetaxel following intravenous administration of LE-DT, as well as to determine the antitumor effects in this pretreated population.
Preparation of LE-DT liposomes
Dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol, cardiolipin, and alpha-tocopheryl acid succinate were dissolved in dehydrated alcohol in a compounding vessel. The dehydrated alcohol was evaporated to form lipid film or cake. Sodium chloride and sucrose were dissolved in water for injection in a separate compounding vessel and then added to the dried lipid film or cake. After hydration of the lipid film or cake and adjustment of the final batch weight, the bulk liposome mixture was sized with polycarbonate filters (0.2 and 0.1 lm). The material was sterile filtered through 0.22-lm filter.
The sterilized material was placed into sterile vials. Lyophilization stoppers were placed into the vials in the lyophilization position. The vials were aseptically loaded into the lyophilizer and then dried at temperatures of -30°C over 1 day,-22°C over 3 days, and 25°C over 8 h.
LE-DT is a sterile lyophilized liposomal powder, containing 30 mg docetaxel per vial. The formulation consists of the lipids DOPC, cholesterol, and tetramyristoyl cardiolipin in a 90:5:5 % molar ratio. Alpha-tocopheryl acid succinate and sucrose were added to the formulation as stabilizers. The total lipid-to-drug molar ratio in the formulation is 33:1. The reconstitution of lyophilized docetaxel liposomes involves the addition of 12.5 mL water to each vial, followed by gentle shaking of the vial to yield 2 mg/mL of docetaxel. After reconstitution, the product is a homogeneous liposome dispersion averaging about 100 nm in mean diameter. The docetaxel liposomes can be further diluted with 5 % dextrose up to eightfold prior to administration. Treatment LE-DT was administered by intravenous infusion over 1 h, once every 21 days, until disease progression, unacceptable toxicity, or patient voluntary withdrawal. Planned dose levels were 50, 65, 85, 110, and 132 mg/m 2 . Dosage calculations in mg/m 2 of LE-DT were based on the molecular weight of docetaxel in the formulation and did not include the weight of the liposomes. Premedication with dexamethasone was not required, unlike standard docetaxel therapy [8] . In patients who experienced infusion-related reactions, premedication with corticosteroids, antihistamines, and antipyretics was provided in subsequent cycles per physician discretion and a 50 % reduction in the infusion time (to 2 h).
Toxicity and response
Toxicities were recorded using National Cancer Institute Common Toxicity Criteria (NCI-CTCAE, version 3.0). Hematologic dose-limiting toxicities were defined as follows: grade 4 neutropenia lasting for more than 3 days, or Cgrade 3 of any duration with infection and/or fever C38.5°C regardless of prophylactic use of hematopoietic growth factors; grade 3 thrombocytopenia persisting C7 days or grade 4 of any duration; and any other grade C4 hematologic toxicity. Non-hematologic DLTs were defined as: prolonged QTc interval Cgrade 3; grade C2 neurosensory or neuromotor toxicity; hepatic transaminases elevation of grade 3 persisting C7 days or grade 4 of any duration; nausea or vomiting grade C3 persisting C24 h despite administration of recommended doses of antiemetics; and any other grade C3 non-hematologic toxicity (except alopecia).
Disease status was assessed radiographically every two cycles. Response was assessed using the Response Evaluation Criteria in Solid Tumors (RECIST version 1.0). The protocol and amendments were approved by the respective Institutional Review Boards.
Pharmacokinetic sampling, assay, and analysis Plasma samples for PK analysis were collected before infusion initiation, immediately before the end of the 60-min infusion, and at 5, 15, and 30 min, and 1, 2, 3, 4, 6, 8, 24, and 48 h after the end of the infusion. Paclitaxel was added to samples as the internal standard. Analytes were extracted from plasma using liquid-liquid extraction, eluted with acetonitrile, evaporated under nitrogen gas, and reconstituted. The plasma was treated with acetonitrile to disrupt all the liposomes. PK values represent total docetaxel levels in plasma at all time points. High-performance liquid chromatography with tandem mass spectrometry was used to quantify the plasma concentration of docetaxel. The lower limit of quantification was 0.25 ng/mL. All samples were diluted into linear range before injection into the LC-MS/MS. The linear range represents working concentration and not the original concentration.
Individual plasma docetaxel concentration-time profiles were analyzed by standard non-compartmental methods using the WinNonlin Professional version 5.2 program (Pharsight, Mountain View, CA, USA). Plasma area under the curve (AUC 0-t ) values (t being the time of the last plasma concentration measured) were estimated using the linear trapezoidal method. The terminal phase rate constant (Ke) was obtained by linear regression analysis of the terminal phase concentration-time data. AUC t-? was estimated by dividing the last plasma concentration value measured by the terminal plasma rate constant. Plasma clearance (CL), terminal phase half-life (t 1/2 ), and volume of distribution (V d ) were estimated based on standard methods. The AUC (0-48 h) was calculated with the default setting of WinNonlin Program that uses the Linear Trapezoidal rule. The AUC (48 h-?) was calculated based on measured concentration at 48 h, and terminal elimination half-life was determined accordingly.
Results
Patients
Between June 2008 and June 2010, a total of 24 patients were treated on study. Patient demographics are listed in Table 1 . The median patient age was 58 years (range 43-68), and men comprised two-thirds of the patients. The most common cancer type was gastrointestinal, with additional patients having lung, breast, and other malignancies.
Treatment
The total number of cycles each patient received ranged from 1 to 30 (median = 4). The dose levels and the number of patients treated are listed in Table 2 . Dose escalation proceeded without any DLTs through the 110 mg/m 2 dose level. Initially, four patients were enrolled at the 85 mg/m 2 dose level since one of the patients received less than 90 % of the planned dose during the first cycle due to an infusion-related reaction and was replaced but continued to be treated. At the 132 mg/m 2 dose level, two out of two patients experienced grade 4 neutropenia that lasted for Cancer Chemother Pharmacol (2013) 71:627-633 629 more than 3 days. Thus, the 110 mg/m 2 dose level was expanded to six; two of three patients experienced grade 4 neutropenia that lasted for more than 3 days. Therefore, the 85 mg/m 2 dose level was reassessed with three more patients, and only one patient of three experienced prolonged grade 4 neutropenia. The protocol was amended to allow hematopoietic growth factor support and dose reescalation. An additional three patients were treated at 110 mg/m 2 with granulocyte colony-stimulating factor (G-CSF) (filgrastim or pegylated filgrastim), and none of these patients experienced grade 4 neutropenia. At this dose level, two patients experienced grade 3 fatigue beyond cycle 1. The phase I trial was concluded, and a phase II study was opened with the dose level being 110 mg/m 2 with G-CSF support, with dose reduction to 85 mg/m 2 allowed, to further explore appropriate dosing of LE-DT.
Toxicities
Besides neutropenia, additional toxicities experienced during cycle 1 included fatigue, alopecia, rash, edema, diarrhea, and dyspnea, among others, as shown in Table 3 . Most of the non-hematologic toxicities experienced were grade 1. Importantly, in this pretreated population no patient experienced clinically significant neuropathy. No patient experienced grade 3 or 4 neuropathy during cycle 1 or later during treatment, even in three patients treated for 19, 20, and 30 cycles. No patient experienced clinically significant edema, nor did any experience EKG changes during infusion. Five patients experienced symptoms consistent with infusion-related hypersensitivity or pain reactions (four of grade 1 and one of grade 2). Symptoms included chills, rigors, dyspnea, chest discomfort, back pain, or nausea. These occurred during or at the end of the 1-h infusion and not always during the first cycle of LE-DT. For these patients, antihistamines, acetaminophen, meperidine, and/or a decrease in the infusion rate by 50 % (to 2 h) resolved the symptoms during the index and future infusions.
Response
Two patients (thyroid and neuroendocrine cancer), or 8 % of study participants, had partial responses (PRs), and another patient with non-small-cell lung cancer had an unconfirmed PR. Eight patients (33 %) had prolonged stable disease (SD) lasting more than 3 months. Three patients were on study for 19, 20, and 30 cycles. The patient with thyroid cancer treated for 30 cycles, and who stopped treatment due to patient preference, has remained without radiographic evidence of disease progression off of therapy for more than 2 years.
Pharmacokinetics
Drug pharmacokinetics followed a two-compartment elimination pattern. C max and AUC inf were proportional to dose through the 110 mg/m 2 dose level with a mean clearance of 28.5 L/h/m 2 . At the 132 mg/m 2 dose level dose clearance was 45.4 L/h/m 2 . Serum half-lives at the differing dose levels ranged from 15.1 to 22.4 h. Specific PK parameters by dose level are listed in Table 4 . Of note, there was no correlation between PK measures and toxicity in patients experiencing DLTs.
Discussion
Liposomes as a drug carrier can act to enhance solubility, serve as sustained release systems, provide protection from degradation, and help overcome multidrug resistance to anticancer drugs potentially mediated by P-glycoprotein and similar multi-drug resistance proteins [11] . A major advantage of liposomes is their ability to alter the PKs and distribution of the encapsulated drug. We have found that liposomes are more readily distributed to tumor tissue than to normal tissue, due to the altered endothelial integrity of tumor vasculature (unpublished data). There is some evidence that liposomal-encapsulated chemotherapy agents may cross the blood-brain barrier and be efficacious in treating metastatic brain tumors [24] [25] [26] . Thus, liposome encapsulation has been investigated as a method to improve both the delivery and safety profiles of several chemotherapeutic agents, now marketed as liposome drugs.
Liposomal doxorubicin has been investigated, both as monotherapy and in combination with other agents, for the treatment of several malignancies [27] , including breast cancer [28, 29] and platinum-refractory ovarian cancer [30] . Liposomal doxorubicin (Doxil Ò ) is currently used in the treatment for refractory ovarian cancer and AIDSrelated Kaposi's sarcoma [31, 32] . Decreased incidence or severity of toxicities compared with free doxorubicin, including relative cardiotoxicity, has been reported in some studies [23, 29, 30] , supporting the hypothesis of improved safety provided by liposome encapsulation of the active agent. Another approved liposomal anticancer agent, DaunoXome Ò (liposomal daunorubicin), is used in the treatment for AIDS-related Kaposi's sarcoma [33] .
Taxane agents, including paclitaxel, docetaxel, and ixabepilone, have shown efficacy in a wide range of solid tumors including breast, prostate, head and neck, and ovarian cancers. They are administered as single agents or in combination. While docetaxel dose-response has been observed in the treatment for breast and prostate cancers, dose-limiting myelosuppression typically prohibits dosages above 75 mg/m 2 . Further, the incidence of clinically significant polyneuropathy is typically proportional to duration of therapy. For example, in the pivotal prostate cancer trial, patients were limited to receiving a maximum of 10 cycles of docetaxel, in part due to cumulative toxicities including polyneuropathy [2] .
In this study of LE-DT, the only DLT observed was neutropenia, which was ameliorated by the co-administration of filgrastim or pegylated filgrastim. This was observed at the 110 and 132 mg/m 2 dose levels. The relatively unpredictable incidence of significant neutropenia was not readily explained by the number of previous therapies or baseline values in our small patient cohort, although both patients who experienced dose-limiting neutropenia at 110 mg/m 2 were heavily pretreated. Past research has highlighted the possible role of pharmacogenetic variation in explaining inter-patient variability in the efficacy and toxicity of docetaxel. Sissung et al. [34] found that docetaxel-induced myelosuppression correlated with genetic diplotype variations in the gene encoding P-glycoprotein (ABCB1 or MDR1). Tran et al. [35] have also found correlations with either PK or toxicity and ABCB1 variants. Others have found correlations between docetaxel toxicity and variations in the metabolizing enzyme CYP3A4 [35] [36] [37] . DNA was not obtained by patients during this phase I trial, so we could not explore this correlative investigation. This shortcoming highlights the need to include pharmacogenetic testing, including during phase I clinical trials [38] .
In conclusion, LE-DT was well tolerated with expected toxicities of neutropenia and fatigue, but without clinically significant water retention (edema). Surprisingly, no 
